Two forms of Fd-NADP+ oxidoreductase (FNR) isoproteins have been purified and characterized from the first foliage leaves of 5-d-old mung bean (Vigna radiata). They could be separated by either Mono Q HR 515 or ferredoxin (Fd)-Sepharose 48 affinity columns. Based on immunoblot analysis and N-terminal amino acid sequences, one form resembles the FNR purified from photosynthetic tissues of higher plants and the other resembles that from nonphotosynthetic tissues. like their leaf and root FNR counterparts from spinach and radish, the mung bean leaf FNR isozymes differ from each other in primary structure and immunogenic properties but are similar in reaction activities, including cytochrome c reduction and NADP+ photoreduction assays. l h e mung bean isozymes also show similar kinetics parameters such as optimal pH and K,,, values for Fd and NADPH. Although the function of the root-type FNR in chloroplasts i s not clear from in vitro experiments, we consider it plausible that it functions nonphotosynthetically, especially in seedlings at an early development stage. Two Fd isoforms were purified from young mung bean leaves, as reported on Fds in higher plant leaves. Based on their N-terminal sequences, both mung bean isoforms were similar to leguminous leaf Fds.
Since FNR was isolated from spinach leaves, the enzyme has been purified to varying degrees from several photosynthetic eukaryotes and cyanobacteria (Shin et al., 1963; Masaki et al., 1979; Camllo and Vallejos, 1987) . In chloroplasts of higher plants, FNR binds with thylakoid membranes and participates in the photoreduction of NADP+ by mediating electron transfer from reduced Fd to NADP+ (Nakatani and Shin, 1991) . In addition to NADP', electrons from Fd flow to several electron-requiring systems, such as nitrite, sulfite, cyclic electron transport photophosphorylation, and thioredoxin (Arnon, 1988) . It has been shown that higher plants have both tissue-specific and nonspecialized Fd isoproteins in photosynthetic tissues and that the relative abundance of the isoproteins is regulated by light and stage of development (Wada et al., 1985; Green et al., 1991; Hase et al., 1991a) .
Recently, Fd and FNR were purified from nonphotosynthetic tissues of higher plants (Wada et al., 1986; Hirasawa et al., 1988; Kimata and Hase, 1989; Morigasaki et al., 1990a Morigasaki et al., , 1990b Green et al., 1991) . They mediate the reverse electron transfer from NADPH generated from the oxidative pentose phosphate pathway to nitrite and sulfite (Oaks and Hirel, 1985; Oji et al., 1985; Suzuki et al., 1985; Bowsher et al., 1989) . The complete amino acid sequences of Fds from root of radish and maize have been determined and compared with their leaf counterparts (Wada et al., 1989; Hase et al., 1991a) . It has been shown that an organ-specific Fd is present in the different tissues, and its expression seems to depend on developmental stage as well as environmental conditions (Wada et al., 1985; Kimata and Hase, 1989) . On the other hand, FNR isoproteins have also been purified and extensively characterized from two nonphotosynthetic sources (radish root and bean sprouts) (Hirasawa et al., 1990; Morigasaki et al., 1990b) . Root FNRs resemble their leaf counterparts in kinetics and spectral properties but differ from them in amino acid composition, N-terminal sequence, molecular mass, and immunogenic properties. It is unclear, however, whether FNR genes resemble Fd in being expressed specifically in different tissues. We reported that there are two FNR isoproteins in young mung bean (Vigna radiata) leaf chloroplasts, one of which increased with developmental stage and the other decreased (Jin et al., 1992) . In a continuation of that study, we now present the data concerning the purification and characterization of Fd and FNR isoproteins in the first foliage leaves of 5-d-old mung bean.
MATERIALS A N D METHODS

Plant Material
Mung bean (Vigna radiata) seeds were germinated in vermiculite for 24 h in darkness and then transferred to a growth chamber with a 14-/lo-h day/night regime provided with white light (photosynthetic active irradiance of 300 pmol quanta m-* s-I). The temperatures were 28 and 25OC during light and dark periods, respectively. After 5 d, the first foliage leaves of mung bean seedlings were harvested and stored at -2OOC until used.
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FNR and Fd Purification
Plant material was homogenized in a Waring Blendor operating at the maximum speed for 3 X 20 s in 5 volumes of homogenizing buffer (100 mM borate-Tris buffer [pH 8.31, 5 mM EDTA, 20 m dlethyldithiocarbamic acid, 0.5 mM PMSF, 0.03% [v/v] Triton X-100, 1.5% [w/v] polyvinylpolypyrrolidone, 2 mM P-mercaptoethanol, 2 mM caproic acid, and 2 mM benzamidine). The homogenate was then subject to sonication for 1 min at 60 W (Branson sonifier) and filtered through four layers of gauze and then through glass wool to remove lipids. The delipidated crude extract was subjected either to ammonium sulfate fractionation (30-80% saturation) for FNR purification or to batchwise adsorption on DEAE-cellulose for Fd purification.
For FNR, the precipitated protein fraction was further purified by the conventional method (Morigasaki et al., 1990b) , except that 50 m borate-Tris buffer (pH 8.3) was used in the DEAE-cellulose column chromatography. Two peaks showing FNR activity were separated by Fd-Sepharose 4B affinity chromatography using a linear gradient system of O to 0.5 M NaCl in 20 m Tris-HC1 buffer (pH 7.8) containing 0.5 mM EDTA. The respective peaks were finally purified by FPLC with a Mono Q HR 5/5 column, equilibrated with 20 m Tris-HC1 buffer (pH 7.8), 0.5 mM EDTA, using a linear concentration gradient from 0.05 to 0.2 M NaCl in the same buffer.
Fd fractions, obtained from the batchwise adsorption of delipidated crude extract on DEAE-cellulose, were subjected to fractionation with ammonium sulfate (70% saturation). The subsequent purification of Fd was according to the conventional method (Matsubara and Wada, 1988) . Final purification was performed by FPLC with a Mono Q HR 10/ 10 column equilibrated with 20 mM Tris-HC1 buffer (pH 7.5) using a linear concentration gradient of 0.3 to 0.5 M NaCl in the same buffer.
FNR/Fd Activity
FNR activity was determined by measuring Cyt c reduction in the presence of NADPH and Spirulina Fd. Fd activity was determined by the same method except that Fd was replaced by mung bean FNR essentially as described by Morigasaki et al. (1990b) . An extinction coefficient of 19.1 mM-' cm-' at 550 nm was used to calculate Cyt c reduction rates.
The diaphorase activity of FNR was measured by the reduction of DCPIP as described by Hirasawa et al. (1990) . An extinction coefficient of 22 mM-' cm-' at 600 nm was used to calculate DCPIP reduction rates.
The NADP' photoreduction activity of FNR was measured in the presence of spinach thylakoid membranes, obtained from the pellet of the first centrifugation of the spinach leaf homogenate for 10 min at 42008 according to the method of Kuwabara and Murata (1979) , and then incubated for 5 min at 5OoC to denature FNR and Fd. The reaction mixture contained 50 mM Tris-HC1 buffer (pH 7.8), 80 p~ DCPIP, 4 mM sodium ascorbate, 160 PM NADP+, 14 pg Chl/mL spinach thylakoid, and the enzyme to be tested. The reaction was initiated by illumination through a Toshiba VB 46 filter. NADPH formation was monitored by the increase in A~o Analytical Techniques SDS-PAGE was carried out according to the method of Laemmli et al. (1970) except that the acrylamide concentration was 10%. Native PAGE was carried out using the pH 7.5 buffer system and 20% acrylamide. Both SDlG-PAGE and native PAGE gels were stained by Coomassie Ixilliant blue R-250. For immunoblot analyses, the proteins were transferred electrophoretically to Clear Blot Membrane-p (Atto, Tokyo, Japan) and incubated with antibodies raised against radish leaf and root FNRs. Bound antibodies were visualized with protein A-conjugated horseradish peroxidase and 3,3-diaminobenzidine tetrahydrochloride in the presence of H202.
Protein concentration was determined by the method of Bradford (1976) using BSA as a standard protein or the UV absorpiion method according to the method of Waddell (1956) . The spectra were measured by using Milton Roy (Spokane, WA) 3000 spectronic array.
Protein Sequence
For FNR, 20 p g of protein were electrophoretically transferred from SDS-PAGE gel to a polyvinylideiie difluoride membrane (Millipore, Bedford, MA). The FNR band stained with Coomassie brilliant blue R-250 was used for sequencing. For Fd, 2 p g of protein eluted from FPLC using a Mono Q HR 5/5 column were sequenced using the gas-p'nase sequencer (Applied Biosystems, Foster City, CA).
Reagents
Biochemicals were purchased from Sigma, Na kalei Tesque, Inc. (Kyoto, Japan), Wako Pure Chemical Inclustries, Ltd. (Osaka, Japan), and Oriental Yeast Co., Ltd. (Osaka, Japan). DEAE-cellulose was obtained from Nakalei Tesque, BlueCellulofine was from Seikagaku-kogyo Co., Ltd. (Tokyo, Japan), and Sephadex was from Pharmacia Fine Chemicals (Piscataway, NJ). Fd-Sepharose 4B was preparcrd according to the method of Morigasaki et al. (1990b) .
Chemical reagents were obtained from commercial sources and were of the highest quality available.
RESULTS
About 400 g of the first foliage leaves of 5-d-old mung bean were used for purification of FNR. About 2 L of homogenizing buffer were used for 400 g of materials because of the hardness of the first foliage leaves. FNRs, from thylakoid membranes are quite effectively released by sonication of homogenates, since one of the isozymes binds rather more tightly on thylakoid membranes than the other gin et al., 1992). During purification, FNR seems to be sisceptible to proteinase and to be degraded to a lower mol wt form, especially during steps before Blue-Cellulofine chromatography. Therefore, proteinase inhibitors such as EDTA, PMSF, caproic acid, and benzamidine were used to prwent protein degradation.
FNR activity was eluted from the DEAE-cellulose and BlueCellulofine columns at 0.1 and 0.5 M NaC1, respectively. In both cases, FNR activity was eluted as two fused peaks, indicative of two components. As shown in Figure 1 , the two FNR activity peaks, FNR I and FNR II, were separated almost completely on the Fd-Sepharose 4B column and both had Cyt c reduction activity and diaphorase activity. FNR I was eluted at 0.1 M and FNR II at 0.15 M NaCl. Each isozyme separated by Fd-Sepharose 4B column was further purified by FPLC on a Mono Q HR 5/5 column, and the isozymes purified by FPLC were used for all subsequent analyses. About 0.63 mg of FNR I and 0.34 mg of FNR II were obtained from 400 g of plant material. The specific activities calculated from Cyt c reduction were 4.41 ± 0.12 and 4.46 ± 0.02 units/ nmol FAD for FNR I and II, respectively (Table I ). Figure 2A shows the result of SDS-PAGE of FNR isozymes. FNR I and II migrated with apparent M,s of 33,000 and 35,000, respectively. As observed with leaf and root isozymes from radish (Ate 31,000 and 33,000, respectively; Morigasaki et al., 1990b Morigasaki et al., , 1993 , FNR I appeared to correspond to leaf FNR and FNR II appeared to correspond to root FNR, based on their migration rate in SDS-PAGE. As shown in Figure  2B , immunoblot analysis revealed that FNR I reacted with anti-leaf FNR antiserum that was raised against radish leaf FNR, whereas FNR II reacted with anti-root FNR antiserum. FNR I reacted slightly with anti-root FNR antiserum (Fig. 2B , lane 2), an observation consistent with that from an earlier study (Morigasaki et al., 1993) in which radish leaf FNR reacted unspecifically with radish root FNR antiserum to some extent. The results of the immunoblot analysis also suggest that FNRs I and II correspond to leaf and root FNRs, respectively. Both FNR isozymes were found to be flavoproteins based on their spectral properties (data not shown). The absorption spectrum of FNR I showed two peaks at 386 and 463 nm and a shoulder at 492 nm. FNR II showed absorption maxima at 390 and 463 nm and a shoulder at 487 nm. N-terminal amino acid sequences of mung bean FNR isozymes were determined and compared with those of their spinach and radish FNR counterparts (Fig. 3) . The N-terminal sequences of FNR I and FNR II showed only 18% homology, indicating that they are different proteins. FNR I had 64 and 68% homology with its spinach leaf and radish leaf counterparts, respectively. Similarly, FNR II had 56 and 46% homology with the spinach root and radish root isozymes, respectively. This result is in good agreement with those obtained from SDS-PAGE and immunoblot analysis. Therefore, we conclude that the FNR I in mung bean leaves is the leaf type and FNR II is the root type. The presence of roottype FNR in mung bean leaves may be important in plant growth, especially in early stages of development.
Several FNRs have been purified and characterized from higher plant roots (Hirasawa et al., 1990; Morigasaki et al., 1990a Morigasaki et al., , 1990b Green et al., 1991; Bowsher et al., 1993) . They are structurally different but functionally similar to their leaf counterparts. The enzymatic properties of FNR I and II were demonstrated for the first foliage leaves from mung bean. The optimal pH derived from Cyt c reduction activity was Karplus et al. (1984) , and those of radish leaf and root FNR and spinach root FNR are from Morigasaki et al. (1990a) . Question marks indicate amino acid residues that are unidentified.
consistent with the finding that FNR II is released from the Fd-Sepharose 4B column at a higher NaCl concentration than FNR I. The K m values for both NADPH and Fd are similar to values obtained for their radish FNR counterparts but differ from those found in bean sprouts, a nonphotosynthetic tissues (Hirasawa et al., 1990) . We also determined reaction properties of FNR I (leaf type) and II (root type) by measuring Cyt c reduction and NADP + photoreduction (Table I ). The FNR reaction in the Cyt c reducHon assay is similar to that occurring in nonphotosynthetic tissues such as root, in which FNR catalyzes electron transport from NADPH to Fd. In contrast, NADP + photoreduction is the reaction occurring in photosynthetic tissues such as leaves, in which FNR catalyzes electron transfer from PSI to NADP + via Fd. Unlike the case of maize Fd isoproteins in which leaf Fd is more favorable than root Fd in NADP* photoreduction and vice versa in Cyt c reduction (Hase et al., 1991b) , we observed no meaningful difference in activities between the two FNRs from mung bean when either Fd isoform was used.
During this study we also purified two Fd isoproteins from the same material used for FNR purification. The two Fd isoproteins, I and II, were separated on a Mono Q HR 10/10 column. Fd I was eluted from the column at 0.48 M NaCl and Fd II was eluted at 0.41 M. The ratio of A^a/^s was 0.64 for Fd II and 0.47 for Fd I. A high ratio of A t2 2/A 2 ?5 has also been reported for pokeweed (Phytolacca americana) Fd, in which Trp is missing from position 74 (Wakabayashi et al., 1978) . The /4 42 2/A 2 75 ratio of Fd II from mung bean seedlings may be high for the same reason. Figure 4A shows a native PAGE of Fd isoproteins. Fd I had more negative charges than Fd II and migrated at the same rate as Spirulina Fd. As shown in Figure 4B , Fd I was 6-fold more abundant than Fd II in the first foliage leaves of 5-d-old mung bean seedlings. From 300 g of tissue we obtained 3.5 and 0.6 mg of Fd I and Fd II, respectively. Furthermore, we determined the reaction specificity of Fd I and Fd II in the Cyt c reduction assay (data not shown). There were no distinct differences in kinetics observed in either case by using FNR I (leaf type) or FNR II (root type) as the electron transport mediator, except that the V ma!< for Fd II was 1.5-fold higher than that for Fd I.
The N-terminal sequences of Fd I and Fd II were determined and compared with those of other leguminous plant Fd isoproteins (Fig. 5) . Fd I and Fd II from mung bean differ at positions 2, 8, 14, 15, 16, 17, 19 , indicating that they are different molecules (Fig. 5) . Fd I showed the common sequence QEFECP at positions from 14 to 19 in common with Fds of leguminous plants. The occurrence of K and S in positions 14 and 19 in the Fd II of mung bean and pea is unique among Fd sequences determined so far.
DISCUSSION
The first foliage leaves of mung bean contain two different forms of FNR that can be distinguished by N-terminal sequence, molecular mass, immunoblot analysis, and behavior on anion-exchange and Fd-Sepharose 4B affinity columns. The two isozymes, on the other hand, are similar to each other in optimal pH and enzymatic properties determined in in vitro reactions such as Cyt c reduction and NADP + photoreduction assays. The specific activities in the Cyt c reduction assay in the present study (Table I ) are 133 and 127 units/mg protein for FNRs I and II, respectively. These values are comparable with those cited by Morigasaki et al. (1991b) . The difference between the two FNR isozymes suggests that they are different proteins and are encoded by different genes, unlike the case with spinach FNR isozymes, in which the difference is caused by the proteolytic degradation of mature FNR (Hasumi et al., 1983) . With tomato, the limited proteolysis of FNR is accompanied by an increase in diaphorase activity (Green et al., 1991) . The degradation of FNR was also observed during purification in our experiments, although the buffer solution used contained several 
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Nagy et a1. -(1969) , and those of pea Fd I and II are from Dutton et al. (1980) . different kinds of proteinase inhibitors. However, the degraded FNR could be removed by Mono Q chromatography. The immunogenic properties of degraded FNR I and FNR I1 are the same as those of their native counterparts. Both FNR I and I1 have significant diaphorase activity, in contrast to the nonphotosynthetic FNR isolated from etiolated bean sprouts (Hirasawa et al., 1990) .
Here and in a previous paper (Jin et al., 1992) , we have reported that two forms of FNR exist in mung bean seedlings. One of them, which is bound to thylakoid membranes, increased in abundance with development and the other, free in stroma, decreased and finally disappeared from leaves when plants were mature. This finding is consistent with the finding that leaf and root FNRs are encoded by different genes and express tissue or organ specificity in mature plants (Morigasaki et al., 1990b; Green et al., 1991; Aoki and Ida, 1993) .
The existence of FNR I (leaf type) and FNR I1 (root type) in the first foliage leaves of mung bean raises a new problem regarding the enzyme's function in chloroplasts. One explanation is that there is no functional difference between the two in mediating electron transfer from reduced Fd to NADP+ in photosynthesis. The leaf-type FNR, FNR I, is specifically expressed in leaves, and the root-type FNR, FNR 11, is a nonspecialized form that is expressed in any tissue or any organ of young plants and disappears from leaves when plants mature. The reason the plant expresses root-type FNR in young leaves is not known. Therefore, we propose that FNR I and FNR I1 catalyze different electron transfer reactions on thylakoid membranes and in stroma or under light and dark conditions, respectively. FNR I functions in NADP+ photoreduction on thylakoid membranes, whereas the FNR I1 exists free in the stroma and mediates reverse electron transfer reaction from NADPH generated by the oxidative pentose phosphate pathway to Fd. Reduced Fd in tum delivers electrons to nitrite and sulfite in the dark. It is well known that some enzymes related to photosynthesis and photosynthetic carbon metabolism are regulated by light via the thioredoxin system (Buchanan, 1980; Crawford et al., 1988; Roweel et al., 1988) . In chloroplasts, Glc-6-P dehydrogenase, a key enzyme of the oxidative pentose phosphate pathway, is deactivated by thioredoxin in light (Scheibe and Anderson, 1981; Cossar et al., 1984; Udvardy et al., 1984) , indicating that the oxidative pentose phosphate pathway in chloroplasts functions mainly in darkness. Furthermore, it was reported that some parts of nitrite reduction in leaves can occur in darkness at the expense of NADPH generated by the oxidative pentose phosphate pathway (Aslam et al., 1979; Robinson, 1990) . It seems that in the dark the chloroplasts play a role as a plastid to some extent. Our previous study provided that the root-type FNR that exists in etiolated mung bean leaves is dominant gin et al., 1992) , and the FNR in bean sprouts is considered to function nonphotosynthetically (Hirasawa et al., 1990) . Although the FNRs isolated from the first foliage leaves of mung bean showed no distinct difference in the assay conditions used in the current study, this may be because the in vitro assay system does not reflect the reactions that occur in the chloroplast.
Two Fd isoproteins purified from the same plants differed from each other in N-terminal sequences, behavior in native PAGE, and spectral properties. However, they are similar to each other in in vitro assays. It has been reported that most higher plants have two types of Fds, named leaf-specific and nonspecializing Fds (Hase et al., 1991a) . When compared with other leguminous plant Fd sequences, Fd I, the major form in mung bean leaves, is similar to the leguminous plant Fd I and the minor form, Fd 11, is similar to leguminous plant Fd 11. However, which Fd is leaf specific is unclear.
